Superalloys display a strong tendency toward chemical segregation during solidification. Therefore, it is of great importance to develop appropriate techniques for the melting and casting of superalloys. Elements partitioning between the c and c¢ phases in single crystal superalloys have been investigated by several authors using electron probe microanalysis (Hemmersmeier and Feller-Kniepmeier Mater Sci Eng A 248:87-97, 1998; Kearsey et al. Intermetallics 12:903-910, 2004; Kearsey et al. Superalloys 2004, pp 801-810, 2004 DÕSouza et al. Mater Sci Eng A 490:258-265, 2008). We examined the effect of the particular stages of standard heat treatment (solution treatment and ageing) applied to CMSX-4 single crystal superalloy on chemical segregation that occurs between dendrites and interdendritic areas. Dendritic structures were observed using a scanning electron microscope. Analyses of the chemical composition were performed using energy dispersive x-ray spectroscopy. The obtained qualitative and quantitative results for the concentrations of elements enabled us to confirm the dendritic segregation in as-cast CMSX-4 superalloy. The concentrations of some refractory elements (tungsten, rhenium) were much greater in dendrites than in interdendritic areas. However, these differences in chemical composition gradually decreased during heat treatment. The results obtained in this study warrant further examination of the diffusion processes of elements during heat treatment of the investigated superalloy, and of the kinetics of diffusion.
Introduction
CMSX-4 nickel-based superalloy has been successfully developed for turbine blade applications. The greatest advances in increasing the allowable working temperature of turbine blades over the last 30 years have been due to the development of the single crystal superalloy casting process, and the cooling and coatings of the blades. A dendritic structure is a characteristic element of a directional solidified superalloy microstructure. Each dendrite consists of primary arms (PDAs), secondary arms (SDAs), tertiary arms (TDAs), and so-called interdendritic regions (IR) containing micropores and eutectic areas. Figure 1 shows the dendrite pattern and interdendritic regions in the as-cast condition of the investigated CMSX-4 superalloy.
During solidification of single crystal (SX) superalloys, some elements (Co, Re, W, Cr, Mo) partition to the dendrite core regions, while other elements (Ti, Al, Ta) tend to accumulate in the interdendritic liquid and then solidify as
the interdendritic and eutectic regions (Ref 3). Studies performed by Ma and Grafe on as-cast CMSX-4 (Ref 5) indicated
that the elements Ta, Al, and Ti enrich the interdendritic region and Co, W, and Re segregate inversely to the dendrite core. The element Cr shows a homogeneous distribution across the cell. In the work (Ref 6 ) it has been found that in CMSX-4 in the ascast condition Co, Cr, Re, and W partition to the dendrite cores and Al, Ni, Ti, Ta segregate to the interdendritic regions. It was notable that the heavy elements Re, Ta, and W segregated particularly strong. During solution heat treatment at 1315°C (which is approximately equal to the equllibrium solvus temperature of the alloy), the dendritic and interdendritic regions homogenise at different rates. Enrichment of some solutes, e.g., Ta, Co, and Cr occurs in the eutectic region. During heat treatment, the elements partition to the opposite site (as compared to the solidification process used to obtain homogeneity, or at least an improvement in chemical inhomogeneity)- Fig. 2 . According to the results presented in (Ref 7) for SX CMSX-10 superalloy during high temperature diffusion Al, Ni, and Ta partition to the dendrite cores, and W, Re, Cr, and Co segregate toward the interdendritic regions.
The microstructure formation during directional solidification was simulated using a unit-cell approach in Ref 8. The concept was based on a model introduced by Ma (Ref 9) .
The non-equilibrium solidification conditions of superalloys result in the segregation of the alloying elements within the dendritic cell. Segregation deteriorates material properties because the local composition deviates from the optimized total composition. Segregation is described by the phase diagram and follows a general rule: if an alloying element increases the solidus temperature, it enriches the dendrite arms; otherwise, it concentrates in the interdendritic regions ( The segregation coefficient K is defined as the ratio of the concentration of the elements in the dendrite core to those in the interdendritic region: K = C d /C i , where C d is the concentration of elements in dendrite core, and C i is the concentration of elements in the interdendritic regions. The selected results of the determination of segregation coefficient K for seven elements occurring in the three superalloys are presented in Fig. 4 . Concentration gradients exist between the central and peripheral dendrite parts because of element segregation during dendrite growth. This chemical inhomogeneity causes a change in the structureÕs parameters.
Diffusion-related phenomena have become an increasingly important consideration for both the processing and usage of superalloys (Ref 12) . In the solidification process of a single crystal superalloy, the dendrites grow at a rate that is greatly controlled by the diffusion of the solute (Ref 13). In the heattreatment process, atomic diffusion becomes accelerated in order to generate the microstructure, which is stable during operations over a prolonged period. During the service, the creep strain rate is proportional to the diffusion coefficient (Ref 14) . The composition of CMSX-4 superalloy is complex and is characterized by a rather high refractory metals level (Mo + Ta + W + Re) of greater than 10 wt.%. These elements provide solid solution strengthening, are characterized by slow diffusion rates, and decrease the diffusion rate of other alloying elements during solution heat treatment (Ref 15) . In superalloys with a high volume fraction (c + c¢) of eutectic after casting, the complete dissolution of c¢ during heat treatment is very important. That is why increased solution heat treatment temperatures and times are required to facilitate eutectic dissolve, and to achieve a chemical homogeneity (i.e., the elimination or at a least reduction of the segregation). To dissolve primary c¢ and to reduce the degree of microsegregation directional solidificated single crystal superalloy is heated up to temperatures around 1200-1300°C for up to 40 h (Ref 8).
In CMSX-4 superalloy, the Re content is 3 wt.%. Rhenium is among the most dense and least compressible of the transition metals due to its configuration of electrons. Addition of Re in nickel-base superalloys causes directional and incompressible Ni-Re bonds to be formed, which hinder vacancy migration. This effect dominates over any differences in the vacancy-solute binding energy and any influence of the atomic radius on the solute, and explains why Re has a profound effect on the properties of the superalloy (Ref 14, 16) .
The microstructure of CMSX-4 superalloy is well known, and consists of two-phase (c + c¢). In the as-cast condition, the superalloy is characterized by c matrix, c¢ phase precipitates, and (c + c¢) eutectic regions. The microstructure of the as-cast CMSX-4 superalloy can be optimized to be a full solution and have the lowest possible level of residual microsegregation. The microstructure cannot contain: (c + c¢) eutectic phase, regions of incipient melting, carbides, and microporosity.
Both the c¢ precipitate size and the distribution can significantly affect the mechanical properties of a single crystal Ni-base superalloy at room and elevated temperature (Ref 17) . Microsegregation-induced inhomogeneity of the coarsening of cuboidal c¢ (Ni 3 (Al,Ti)) precipitates was studied in a single crystal nickel-based superalloy CMSX-4 at temperatures ranging from 850 to 1000°C and for an ageing time up to 5000 h in Ref 18 . Experimental results showed a significant statistical difference in the size of the c¢ precipitates between the dendrites and interdendritic region. The mean size distribution of the c¢-phase precipitates depend on the chemical homogeneity of the material since the local composition is known to strongly determine the precipitation kinetics (Ref 19, 20) .
We studied the chemical distribution of elements in dendrites and among them, and microstructural changes in the CMSX-4 superalloy resulting from the stages of standard heat treatment. The main objective of this study was to investigate the effect of Re, W, Co, Mo, Cr, Ta, and Ti on the segregation behavior of CMSX-4 superalloy. 
Experimental
CMSX-4 is a vacuum-melted cast superalloy. In this study, the CMSX-4 was available in the form of a single crystal bar of 10 mm diameter, obtained using the Bridgman method. The chemical composition of the superalloy (in wt.%) is 9.0 Co, 6.5 Cr, 6.0 W, 5.6 Al, 1.0 Ti, 6.5 Ta, 0.6 Mo, 3.0 Re, 0.1 Hf, and a Ni balance. Slices of the bar were cut off and heat treated according the schemes shown in Table 1 . The sample No. 0 was as-cast without heat treatment. Samples from No. 1 to No. 8 were heat treated with increasing temperature and hold time at the each temperature for 2-3 hours to obtain finally (sample No. 8) the homogenized state. According to Table 1 , the first sample was heat treated at 1277°C/2 h, took out from the furnace and threw into water. The second sample was heat treated longer than first sample, because after holding at 1277°C/2 h the temperature was increased up to 1288°C and the sample was hold at the temperature for 2 h. Then it was took out from the furnace and threw into water. The scheme of heat treatment for the further samples was similar-increase of the temperature and additional hold time at the higher temperature. Sample No. 9 and No. 10 were additionally subjected to ageing at 1140°C/6 h and 1140°C/6 h + 870°C/ 20 h, respectively. Each sample after finished heat treatment scheme was taken out from the furnace and thrown into water.
After every stage of heat treatment, the samples were metallographically prepared and polished with 240 to 1200 grit papers. A Hitachi S-3400 N SEM was used to examine the microstructure. The back-scattered electron (BSE) technique was applied to obtain better contrast between the dendrite arms and interdendritic areas. Along the line from the dendrite core to the dendrite edge, a 5-point chemical composition analysis was carried out using EDS (Fig. 5) . These measurements were performed on three SDAs for each sample. Each point revealed the local atomic composition. In addition, the chemical composition was investigated at the central point of the SDA and at the point of the interdendritic region near the SDA (along the line perpendicular to the axis of SDA, see Fig. 5 ). EDS analysis was carried out for all samples at the five points inside the SDA and the five points in the IR. EDS analyses were performed in standardless mode. The acceleration voltage was equal to 15 kV and working distance was 10 mm (optimal for the given take-off angle in the SEM).
Results and Discussion
The as-cast microstructure of the investigated superalloy is shown in Fig. 6 . As expected, the superalloy exhibited high segregation that was confirmed by a dendritic structure. The dendritic structure was increasingly less visible after each stage of heat treatment. Two-step ageing (at 1140°C/6 h and 870°C/20 h) was applied for the investigated superalloy. The final microstructure exhibits well aligned rows of c¢ precipitates with cuboidal morphology with an average size of about 0.5 lm (Fig. 7) . No secondary c¢ or TCP phases precipitates were found on the No. 10 sample.
The mean values of element concentration (wt.%), estimated during the investigations of the CMSX-4 superalloy, in the dendrites for all samples (from 0 to 10) are shown in Table 2 , and as interdendritic regions in Table 3 . Table 4 shows the values of the segregation coefficient K in the investigated superalloy in as-cast state and after ten steps of the heat treatment.
From these results, it was found that the value of K is the highest for elements such as Re and W (even above 2 in the case of Re), and the degree of their segregation is the strongest. The K values for Cr and Co are above 1 (except for the sample No. 8).
These results indicate that some disturbances occurred in the segregation process during the last stage of solution treatment. However, the elements W, Re, Cr, and Co tended to segregate toward the interdendritic regions during heat treatment (see Fig. 2 ). The elements Ti, Al, Ta, and Ni are characterized by K value of less than 1, and they segregated toward the dendrite core regions. In the case of titanium and tantalum, the values of K are slightly greater than 1 for the 7th and 8th stage of solution treatment, respectively. Molybdenum is characterized by an ambiguous tendency toward segregation because some fluctuations of the K values were observed. The minimal and the maximal values of K are 0.51 and 2.51 in the as-cast state for Ti and Re, respectively. For the case of as-cast alloy and samples after selected stages of heat treatment, the segregation coefficients for all of the studied elements are shown in Fig. 7 . After the 1st stage of solution treatment, considerable changes in the concentration of the elements are visible, especially for Re, W, and Co. The greatest changes in chemical composition appeared between the as-cast state (sample No. 0) and the 8th stage of heat treatment (after full solution treatment-see Fig. 8 ).
Graphical illustrations of the correlation between the stage of heat treatment and element distribution in dendrites on the basis of data included in Table 2 are presented in Fig. 9 .
Similarly, graphical illustrations of the correlation between the stage of heat treatment and element distribution in interdendritic regions on the basis of data included in Table 3 are presented in Fig 10. Fluctuations of the concentration during heat treatment are clearly visible.
The concentrations of Re, W, and Co are considerably higher in dendrite cores than in interdendritic regions. In the case of Cr, the K value is close to 1. However, the concentrations of Al, Ta, and Ti are higher in the IR than in the dendrite cores. From a practical point of view, considerable changes in the chemical composition in dendrites occurred in the first three stages of solution treatment. In the case of IR, the greatest changes in chemical composition occurred between the 2nd and 3rd stages of solution treatment.
The relative concentration change (calculated on the basis of EDS measurements) was very high, especially for Re, because dendrites were strongly depleted with Re (Fig. 11) .
Characteristic changes in the concentration of elements related to K values were confirmed by investigations of chemical composition along SDAs after each stage of heat treatment (Fig. 12) . Some fluctuations of element concentrations along SDAs were observed, but the greatest changes of concentration occurred in the middle of the SDAs (point 3) after the 10th stage of heat treatment (the last stage of aging).
The presented images of the CMSX-4 microstructure after each performed heat treatment scheme are a confirmation of observable effect of the reduced microsegregation.
The calculated values of K (Table 4) in as-cast state of the investigated material and after ten steps of the heat treatment scheme confirm the values of K (above and below 1) cited in the literature. However, the quantitative description of elements segregation after so complex heat treatment was never presented before.
The performed analysis of microsegregation seems to be especially important for technological purpose. The proposed heat treatment scheme for single crystal CMSX-4 superalloy is complex and time-and work-consuming, but enables to achieve a microstructure which is beneficial for superalloy potential applications. Additionally, it is noteworthy that according to the results mentioned above, every step of the homogenization was essential because it allows to reduce the microsegregation. The presented results also help realize that diffusion of elements during solution heat treatment proceeds slowly (especially in the case of heavy metals) and requires many hours of heat treatment at high temperature.
Conclusion
Homogenization during the heat treatment of CMSX-4 superalloy was analyzed using the EDS method. Our investigations reveal that the greatest changes in chemical composition of dendrites occur after the 1st stage of solution treatment, and in the case of IR, between the 2nd and 3rd stage of solution treatment. Therefore, the first three stages of heat treatment play an essential role in the homogenization of CMSX-4 superalloy.
The segregation coefficient K of each investigated element was identified. Our results can provide guidance for obtaining chemical homogeneity during applied heat treatment.
